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SUMMARY 


The effects of angles of attack up to 1 5° on the dynamic response of a wing 
model swept forward 44° have been determined experimentally at a Mach number of 
0.8. The semispan wing with a panel aspect ratio of 1.77 was constructed of 
composite material and was a 0.6-size, dynamically scaled, aeroelastic model of 
a proposed flight-demonstrator airplane. Dynamic bending moments are presented 
for three values of dynamic pressure. These data included both broad-band 
responses and individual responses in the first two natural modes. Total damp- 
ing ratios are presented for the response in the first two natural modes. 

The results showed that the dynamic response increased with increasing 
angle of attack with a peak value occurring at an angle of attack near 13°. 

At angles of attack other than those near 13°, the response had characteristics 
usually attributed to buffeting and was similar to that often observed for aft- 
swept wings. Although the response at an angle of attack near 13° was similar 
to buffeting, this response also had characteristics sometimes seen when a 
dynamic instability is being approached. No instability was found, however, 
over the range of parameters investigated. 


INTRODUCTION 

Although it has been recognized for some time that forward-swept wings may 
offer some aerodynamic advantages over aft-swept wings, forward-swept wings 
have not been considered seriously in new airplane designs in the United States 
because of the mass penalty required to satisfy static-divergence constraints 
(ref. 1). That is, the additional structural mass required to provide suffi- 
cient stiffness for divergence prevention more than offsets aerodynamic- 
performance benefits of forward sweep. Although this situation is still true 
for wings of conventional metal construction, it may not be the case for wings 
constructed of composite materials. Analytical studies (ref. 2, for example) 
show that the divergence speed of a composite structure can be increased to a 
satisfactory value without having to add a large amount of structural mass to 
a strength-designed structure. This increase is accomplished by arranging the 
composite lamina (aeroelastic tailoring) to reduce the washin that occurs as 
aerodynamic loading is increased. 

With composite structural technology offering a practical solution to the 
divergence problem, interest has been kindled in the use of forward-swept wings, 
in particular, in applications to high-performance military airplanes. This 
renewed interest was confined initially to analytical studies, but recently it 
has been expanded to include wind-tunnel model studies to verify analytical pre- 
dictions. In one of these wind-tunnel studies a 0.6-size, dynamically scaled, 
aeroelastic semispan model of a proposed flight-demonstrator-airplane wing 
was designed and built by Rockwell International under contract to the U.S. Air 
Force and was tested by the National Aeronautics and Space Administration in the 



Langley Transonic Dynamics Tunnel. These tests were conducted in close coor- 
dination with the Defense Advanced Research Projects Agency (DARPA) which is 
providing considerable impetus to the development of forward-swept-wing tech- 
nology. The general purpose of these wind-tunnel tests was to determine the 
aeroelastic characteristics of a realistic, aeroelastically tailored, forward- 
swept-wing configuration constructed of composite material. A specific purpose, 
which is the subject of this paper, was to determine whether the model exhibited 
any unusual dynamic response as a function of angle of attack. Currently, there 
is concern about angle-of-attack effects on aeroelastic response and insta- 
bilities because of unpublished results from both recent flight tests of an 
advanced bomber airplane and wind-tunnel model tests of a highly maneuverable 
fighter configuration, and because of published results from other configura- 
tions. (For example, see refs. 3 and 4.) 

Exploratory studies were made to determine dynamic response over a range 
of angles of attack at several subsonic Mach numbers. Although model response 
did increase with angle of attack at several Mach numbers, the largest response 
was obtained in the vicinity of a Mach number of 0.8. Consequently, this Mach 
number was chosen for additional study, and the results are reported herein. 
Dynamic bending moments for three values of dynamic pressure are presented as 
a function of angle of attack. These data include both narrow-band response 
in the first two natural modes and broad-band response. In addition, total 
damping ratios are presented for the responses in the first two natural modes. 


SYMBOLS 

Measurements and calculations were made in U.S. Customary Units and are pre- 
sented in both the International System of Units (SI) and U.S. Customary Units. 

A wing area 

C b static bending-moment coefficient, M b/S/ /qAc 

Cg buffet moment coefficient, M bf rmsY 1 ^^ 0 

c wing average chord 

f frequency 

g structural damping coefficient, 2Y st 

M Mach number 

M b,d dynamic bending moment 

M bfS static bending moment 

M b,rms root-mean- square (rms) bending moment 

q dynamic pressure 
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a angle of attack 

Y total damping ratio, Ya + Yst 

Y a aerodynamic damping ratio 

Y s t structural damping ratio, g/2 

p fluid density 

$(f) normalized autospectrum 

Subscripts: 

1 first natural mode 

2 second natural mode 


APPARATUS AND PROCEDURE 
Wind Tunnel 

This investigation was conducted in Freon ^ 1 2 in the Langley Transonic 
Dynamics Tunnel. This facility is a slotted- throat, single-return wind tunnel 
that has a 4. 88-m-square (1 6— ft) test section with cropped corners. The stagna- 
tion pressure can be varied from slightly above atmospheric to near vacuum, and 
the Mach number can be varied from 0 to 1.2. The tunnel is of the continuous- 
operation type and is powered by a motor-driven fan. Both test-section Mach 
number and density are continuously controllable. 


Model 

General .- The semispan wind-tunnel model used was a 0.6-size, dynamically 
scaled, aeroelastic wing of a proposed forward-swept-wing, flight-demonstrator 
airplane that has been aeroelastically tailored by using composite materials to 
satisfy divergence, flutter, and strength constraints. A photograph of the 
model mounted in the wind tunnel is shown in figure 1 . A line drawing showing 
model geometry is presented in figure 2. The model was designed to match the 
nondimensional scaling parameters of Mach number, reduced frequency, and mass 
ratio for the airplane flying at sea level (q = 70.86 kPa (1480 lbf/ft 2 )) at 
M = 1.0. Corresponding wind-tunnel conditions are M = 1.0, p = 0.427 kg/m 3 
(0.000828 slug/ft 3 ), and q = 5.42 kPa (113.2 lbf/ft 2 ) . The model had a panel 
aspect ratio of 1.77, a semispan of 1.6325 m (64.272 in.), a taper ratio of 
0.46, and a leading-edge forward-sweep angle of 44°. The airfoil section at 


^Freon: Registered trademark of E. I. du Pont de Nemours & Co., Inc. Use 
of trade names does not constitute an official endorsement, either expressed or 
implied, by NASA. 
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the root was an NACA 64A004.4 which linearly tapered to an NACA 64A003.2 at the 
tip. The model wing was untwisted. The model root was mounted off the tunnel 
wall so that the entire wing was outside the wind-tunnel-wall boundary layer. 

A splitter plate was used to provide a reflection plane at the model root. 

The model was attached to a remotely controlled turntable mounted flush with 
the wind-tunnel wall so that angle of attack could be changed during the tests. 

Construction .- The primary structure was made of graphite epoxy skins 
bonded to a polyurethane foam core with internal fiberglass ribs and spars which 
formed a wing box that contributed practically all of the model stiffness. The 
general arrangement of the main ribs and spars is shown in figure 3. Along the 
leading and trailing edges and at the tip the foam core was covered with fiber- 
glass skins which overlapped the graphite skin to provide structural continuity 
in the wing skins. The arrangement of the graphite lamina (ply direction) was 
the same on the model as for the full-scale design, although the number of 
lamina in a given direction was different. The ply directions were 9°, 30°, 

90°, and 1 39°, measured clockwise from the model root chord when viewed from 
above. Most of the lamina were oriented in the 30° direction. The relative 
lengths of the arrows in figure 3 are indicative of the average number of plies 
in the four directions outboard of the kick rib. An aluminum-alloy rib and 
fittings were provided at the root chord to provide a means of attaching the 
model to a steel mounting fixture which was attached to the wind-tunnel side- 
wall turntable. The bending and torsional stiffness of the mounting fixture 
simulated the flexibility of the wing carry-through structure and fuselage 
of the full-sized airplane. To simulate mass and mass distribution, ballast 
weights were imbedded and glued in the foam core of the model. 

Physical properties .- The model weighed 16.19 kg (35.70 lbm) . Measured 
natural frequencies, node lines, and structural damping coefficients for the 
first six vibration modes are presented in figure 4. The first, second, fifth, 
and sixth modes are primarily bending modes. The third mode is a coupled 
bending-torsion mode, whereas the fourth mode is primarily torsion in character. 

• Instrumentation .- The model was instrumented with eight resistance wire 
strain-gage bridges. The primary bending-moment strain gage was located just 
outboard of the kick rib as indicated in figure 3. This gage was calibrated 
to measure bending moment and was used to obtain the dynamic- response data pre- 
sented in this report. The orientation of the gage was such that it was vir- 
tually insensitive to torsional strains. The other seven gages were located at 
cr itical points on the model and were used to monitor loads and stresses to 
ensure that design-limit loads were not exceeded during testing. 


Test Procedure 

The determination of a particular set of data proceeded in the following 
manner. With the model set at a low positive angle of attack, the tunnel speed 
was increased until the desired test Mach number was reached. It was ensured 
that the desired dynamic pressure would be reached at this Mach number by 
evacuating the tunnel to a prescribed total pressure prior to starting the wind- 
tunnel fan. Once the wind-tunnel flow conditions had stabilized, the output 
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signals from the strain gages were recorded on analog tape and monitored on 
recording oscillographs. In addition, the strain-gage signals were routed 
through analog-to-digital converters to the digital computer of the wind-tunnel 
data-acquisition system. (The features and capabilities of the data-acquisition 
system are discussed in ref. 5.) The means and root-mean-square values of the 
digitized data signals were calculated, tabulated, and displayed to the test 
engineer. A 30-sec time history of the bending-moment strain-gage signal was 
recorded on digital tape at 300 samples per second for off-line data reduction. 
The digital signal was converted to engineering units prior to recording. Once 
sufficient data had been obtained at the initial angle of attack, the angle of 
attack was increased slowly to a higher value. While the angle of attack was 
being changed, the strip charts were monitored visually and the peak loads 
(static plus dynamic) on the model, which were being updated continuously by 
the digital computer, were monitored to ensure that allowable loads were not 
exceeded. Once the second angle of attack was reached, data were recorded and 
processed. The angle-of-attack stepping process was repeated until data had 
been obtained over the range of interest. Data at other dynamic pressures were 
obtained by increasing the tunnel pressure by bleeding Freon 1 2 into the wind 
tunnel through an expansion valve until the desired value of dynamic pressure 
was reached and then by repeating the angle-of-attack stepping process. 


Test Conditions 

Exploratory studies were conducted over a range of angles of attack at 
several subsonic Mach numbers. Because the largest response occurred near 
M = 0.8, this Mach number was selected for detailed study. Specifically, 
data were obtained at M = 0.8 for angles of attack up to about 15° for 
three nominal values of dynamic pressure: 0.397 kPa (8.3 lbf/f t 2 ) , 0.570 kPa 

(11.9 lbf/ft 2 ), and 0.709 kPa (14.8 lbf/ft 2 ) . Reynolds numbers based on 
wing average chord at these dynamic pressures are 0.50 * 10®, 0.73 x 10®, 
and 0.89 x 10®, respectively. 

For the tests at Reynolds numbers of 0.50 x 10® and 0.89 x 10® the model 
was equipped with transition strips (No. 46 carborundum grit) having a width 
of about 0.025 chord and located along the 5-percent chord on both the upper 
and lower surfaces. For the results reported herein for a Reynolds number of 
0.73 x 10®, the transition strips were removed. However, based on a limited 
amount of data (not presented herein) obtained with and without transition 
strips over the range of the higher Reynolds numbers, it is believed that the 
results obtained at Reynolds numbers of 0.73 x 1 0® and 0.89 x 10® would be the 
same whether or not transition strips were present. No data were obtained at 
the lowest Reynolds number for comparison. 


DATA REDUCTION 

The dynamic- response data were obtained by off-line processing the digi- 
tized time history of the bending moment recorded at each test point. The 
digital-analyses methods used were standard state-of-the-art techniques. (See, 
for example, ref. 6.) 
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The static bending moment (mean value of signal) was determined for each 
test condition. For each time history the mean was determined for several 
record lengths (the shortest being 3 sec) to determine whether a meandering 
mean was present. None was found. The mean was subtracted from each record 
prior to additional processing. 

Broad-band (0 to 150 Hz) root-mean-square (rms) values and autospectra 
(power spectral densities) were calculated for each test condition. The time 
histories were passed through a band-reject recursive filter to remove 60-cycle 
noise prior to obtaining the broad-band rms values and the autospectra. The 
rms response in the first mode (about 7 Hz) and second mode (about 20 Hz) was 
obtained by filtering the time histories with narrow-band recursive digital fil- 
ters. The transfer functions of the filters are shown in figure 5. The rms 
response was obtained by analyzing the filtered data. 

The total damping in the first and second modes was determined by applying 
the random decrement (randomdec) subcritical response method (ref. 7) to the 
filtered time histories. The randomdec method provides a means of determining 
the step response of a system that is excited by a random force. This is accom- 
plished by performing an ensemble average of segments of the response time his- 
tory. The resulting step response is called the randomdec signature. Typical 
randomdec signatures are presented in figure 6. Because the randomdec signature 
is an approximation to the step response and because each time history has been 
filtered to obtain response in only one mode, the damping could be determined 
from the log decrement of the decaying oscillation. A least-squares method was 
used to fit the envelope of the decaying oscillation. The damping was obtained 
from the fitted curve. The frequency of oscillation was obtained from the aver- 
age time between peaks in the signal. 


RESULTS AND DISCUSSION 

Exploratory studies were conducted for the forward- swept-wing model over a 
range of angles of attack at several subsonic Mach numbers to determine whether 
any significant dynamic response existed that was sensitive to angle of attack. 
The largest response was obtained near M = 0.8. This Mach number was selected 
for more detailed study, and results obtained are presented and discussed in 
this section. 


Broad-Band Response 

In general, the dynamic response appeared to be that of a lightly damped, 
multi-degree-of-freedom system driven by random excitation. That is, the 
response appeared to be a combination of sinusoids of constant frequency and 
randomly varying amplitude, each sinusoid being a response in a natural- 
vibration mode. An illustrative time history for a = 8° is presented in fig- 
ure 7(a). This type of response was observed throughout the studies of the 
angle-of-attack range, except near a = 1 3° where the dynamic response was at 
a maximum. At this angle of attack the response appeared more like that of a 
single-degree-of-f reedom system. An illustrative time history for a = 1 3° is 
presented in figure 7 (b) . Although the amplitude of the response appears gen- 
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erally to be random, the time history does have some characteristics seen in 
response time histories when a dynamic instability is being approached, in par- 
ticular, the somewhat sustained bursts of relatively large response. 

rms response .- The variation of broad-band (0 to 150 Hz) rms bending moment 
is presented in figure 8 for three dynamic-pressure values. The trends of the 
data for different dynamic pressures are the same, but the level of the response 
increases with dynamic pressure. The data show a gradual increase in bending 
moment as angle of attack increases from 0° to 12°. At a = 12° the bending 
moment increases rapidly to a peak value near ot = 1 3°, then decreases followed 
by a subsequent increase as angle of attack is increased further. 

Although the rms bending moment at a = 1 3° is considerably larger than 
that at low angles of attack, it is small compared to the static bending moment. 
For example, at ot = 13° for q = 0.709 kPa (14.8 lbf/ft^) the rms moment is 
only about 5 percent of the static moment. If a peak dynamic moment of three 
times the rms value (0.993 confidence for a normal random process) is assumed, 
the maximum dynamic moment is about 15 percent of the static moment, or about 
13 percent of the total moment (static plus dynamic). 

Frequency content .- Some representative normalized autospectra of the 
dynamic bending moment are presented in figure 9 for several angles of attack. 
These spectra are for q = 0.709 kPa (14.8 lbf/ft^) , but they are typical of 
results for the other dynamic pressures. Although the frequency range of the 
autospectra was from 0 to 150 Hz, the spectra are plotted only to 60 Hz because 
modes above the fifth (55 Hz) did not contribute appreciably to the response. 

The autospectra are normalized by the first-mode response (the largest contrib- 
utor) so that the relative contribution of each mode can be seen readily. 
(Autospectrum amplitude is proportional to the square of the response. For 
example, a value of normalized spectrum amplitude equal to 0.5 for, say, the 
second mode indicates that the rms response in the second mode is 0.707 times 
as large as the rms response in the first mode.) 

The autospectra show clearly that the dynamic response was composed primar- 
ily of response in the first and second natural modes. The largest response was 
in the first mode throughout the angle-of-attack range. Although third- and 
fifth-mode responses are present, their levels are low when compared to the 
first-mode response. The autospectra show no response in the fourth mode 
(51 Hz) because the strain gage was insensitive to torsional strains. During 
the tests examination of time histories from other gages that were sensitive to 
torsional strains indicated very little response in the fourth mode. The rela- 
tive contribution of the second mode changes with angle of attack. At a = 10°, 
12°, and 15°, the second-mode response is almost as large as the first-mode 
response. At other angles of attack the second-mode response is considerably 
smaller. At a = 13°, the response is almost totally composed of first-mode 
response . 

A comparison of the frequencies at which peaks occur in the autospectra 
with the wind-off natural frequencies in figure 4 indicates that the aerodynamic 
forces had little effect on the natural frequencies of the model. Wind-on fre- 
quencies are approximately equal to wind-off frequencies. 


7 



Static Bending Moment 


Bending of the large increase in response that occurred near ot = 13 °, 
the static bending moment was examined to see if any changes occurred in the 
vicinity of a = 13°. The variation of static bending-moment coefficient Cfc, 
with angle of attack is shown in figure 10. Data are presented for the three 
dynamic-pressure levels. The variation of with ot is smooth for all 

three dynamic pressures. It would be expected that any abrupt changes in 
steady-state aerodynamic characteristics such as lift-curve slope and center- 
of-pressure location would show up as a change in C^. Because none was found, 
it was concluded that there were no abrupt changes in the steady aerodynamic 
characteristics. It is to be noted, however, that over the angle-of-attack 
range from 0 ° to 12 ° the rate of change of Cjj (slope of curve) is increasing. 
At about a = 1 2° the slope, although still positive, does begin to decrease 
which may indicate the beginning of shock-induced separation. 

Although some of the differences in Cfc, at a given angle of attack may 
be due to Reynolds number effects, it is believed that static aeroelastic 
effects are the primary cause of the differences. Even though the wing was 
tailored to reduce washin (increase in outboard angles of attack caused by 
elastic deformations), some washin does occur. This causes the static bend- 
ing moment to be larger as dynamic pressure is increased. 


Narrow-Band Response 

First mode .- The variation of the rms bending moment in the first natural 
mode with angle of attack is presented in figure 1 1 . The trend of these data 
is similar to that found for the broad-band response shown in figure 8 . The 
first-mode response gradually increases until an angle of attack of about 1 2 ° 
is reached. At a = 12 0 the response increases sharply to a maximum value 
near a = 1 3° and then decreases at higher angles of attack. The highest 
response occurs at the highest dynamic pressure. 

The variation of the total damping for the first mode (structural plus 
aerodynamic) with angle of attack is presented in figure 12. In general, the 
damping is larger at the higher dynamic pressures. The trends of the data are 
similar for the three dynamic-pressure levels. A peak damping value occurs at 
about a = 1 2 ° and is followed by a decrease to a minimum value at about 
a = 13°, where the maximum response occurs, and then is followed by another 
increase . 

Dynamic analysis of buffeting (see ref. 8 , for example) shows that the rms 
response is directly proportional to the dynamic pressure and inversely propor- 
tional to the square root of the total damping. Therefore, if the wing response 
is due to buffeting, the data at the three dynamic- pressure levels should cor- 
relate by using a buffet moment coefficient C 3 which is a product of the rms 
bending moment and the square root of the total damping ratio divided by the 
product of dynamic pressure, wing area, and average chord. For the first mode 
the variation of with angle of attack is presented in figure 13. Over 

the angle-of-attack range from 0 ° to about 10 ° the data are brought together by 
using the parameter . At angles of attack from about 10° to 15° the 
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results for q = 0.570 kPa (1 1 .9 lbf/ft 2 ) and q = 0.709 kPa (14.8 lbf/ft 2 ) 
agree very well but differ from the results for q = 0.397 kPa (8.3 lbf/ft 2 ). 

The Reynolds number at q = 0.397 kPa (8.3 lbf/ft 2 ) was very low, about 
0.5 x lO^. Reynolds number effects may be the reason why the lowest dynamic- 
pressure data do not correlate better with the results for other ' dynamic 
pressures. 

Based on the response at the two higher dynamic pressures, it is concluded 
that the response was of the buffet type throughout the angle-of-attack range 
and was similar to buffet characteristics often observed for aft-swept wings. 

See reference 9, for example. The disagreement of the data for the lowest 
dynamic pressure near a = 13°, however, adds some uncertainty to this con- 
clusion. This disagreement combined with the sharp reduction in damping that 
occurs near a = 13° (see fig. 12) may indicate that a dynamic instability is 
being approached. 

Second mode .- The variation of rms bending moment in the second natural 
mode with angle of attack is presented in figure 14. In general, the response 
gradually increases with increasing angle of attack. Although there is no peak 
in the response at a = 1 3° similar to that found for the first mode (see 
fig. 11), there is, however, evidence of the beginning of a peak in the response 
in the range of a from 14° to 15°. 

The variation of total damping for the second mode with angle of attack is 
presented in figure 15. Up to an angle of attack of about 12° the total damping 
ratio is approximately equal to the structural value Yst = 0*0075, indicating 
that the aerodynamic forces add little aerodynamic damping for this mode. In 
the angle-of-attack range from 12° to 15° the total damping has an increasing 
trend, thus showing that the aerodynamic forces produce a measurable amount of 
damping. 

The variation of the buffet moment coefficient Cg f 2 f° r tb e second mode 
with angle of attack is presented in figure 16. In this case the correlation 
is good for all three dynamic pressures, thus indicating that the second-mode 
response was probably caused by buffet flow. 


CONCLUDING REMARKS 

The effects of angles of attack up to 1 5° on the dynamic response of a 
wing model swept forward 44° have been determined experimentally at a Mach 
number of 0.8. The aspect-ratio-1.77 wing was constructed of composite mate- 
rial and was a 0.6-size semispan, dynamically scaled, aeroelastic model of a 
proposed flight-demonstrator airplane. Dynamic bending moments have been pre- 
sented for three values of dynamic pressure. These data included broad-band 
responses and individual responses in the first two natural modes. Total 
damping ratios were presented for the response in the first two natural modes. 


The results showed that the dynamic response increased with increasing 
angle of attack with a peak value occurring at an angle of attack near 13°. 
At angles of attack other than those near 13°, the response had characteris- 
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tics usually attributed to buffeting and was similar to that often observed 
for aft-swept wings. Although the response at an angle of attack near 13° 
was similar to buffeting, this response also had characteristics sometimes 
seen when a dynamic instability is being approached. No instability was 
found, however, over the range of parameters investigated. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
October 3, 1980 
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Figure 1 Photograph of model mounted in wind tunnel. 
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Figure 4.- Measured natural frequencies, structural damping coefficients, and node lines. 
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Figure 6.- Representative randomdec signatures. 
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Figure 11.- Variation of rms bending moment for first mode with angle of attack. 
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